In this paper, an electron transfer reaction mediated by sodium tanshinone IIA sulfonate (STS) was studied in rat heart mitochondria. It was found that STS could stimulate mitochondrial NADH oxidation dose-dependently and partly restore NADH oxidation in the presence of respiratory inhibitor (rotenone or antimycin A or KCN). It was likely that STS could accept electrons from complex I similar to ferricyanide and could be converted to its semiquinone form that could then reduce oxygen molecule. The data also showed that cytochrome c (Cyt c) could be reduced by STS in the presence of KCN, or STS could transfer the electron to oxygen directly. Free radicals were involved in the process. The results suggest that STS may protect ischemia-reperfusion injury through an electron transfer reaction in mitochondria against forming reactive oxygen radicals. #
Introduction
Salvia miltiorrhiza is a Chinese traditional medicine and has long been used for treating heart disease in China. Sodium tanshinone IIA sulfonate, a water soluble derivative of tanshinone IIA, is the main effective component of S. miltiorrhiza. The molecular structure of STS is depicted in Fig. 1 . Clinical evidence has shown that STS increases coronary blood¯ow, alleviates cardiac metabolic disorders and protects heart against ischemia-reperfusion injury [1, 2] . Several mechanisms have been proposed for the protective effects of STS on ischemia-reperfusion injury: (1) STS acts as an antioxidant that can scavenge free radicals [3±5]; (2) STS is an inhibitor of heart calcium channel, which can inhibit Ca 2 overload [6] ; (3) STS inhibits the phagocyte adhesion, phagocytosis and acid-phosphatase release from neutrophils [7] . The increase of NADH level caused by anaerobic glycolysis is reported to stimulate O 2 À production during reperfusion, causing dysfunction of cytochrome oxidase and an increase of electron leakage [8] . Many clinically important chemotherapeutic drugs have a quinone nucleus in their molecules. Redox cycling of quinones catalyzed by one-electron transfer enzymes leads to the production of reactive oxygen species (ROS) [9, 10] . For example, adriamycin can accept an electron from mitochondrial complex I and form a semiquinone free radical. This semiquinone radical then reacts with oxygen and forms O 2 À , causing cardiotoxicity [11] . STS is a derivative of phenanthrenequinone, and it may act as an electron acceptor at mitochondrial complex I, NADH dehydrogenase. However, the effects of STS on mitochondrial respiratory chain in the presence of NADH have never been studied.
Oxidative phosphorylation takes place in mitochondria at which, substrates are oxidized and the electrochemical gradients generated are used to synthesize ATP. In heart, mitochondria play a critical role since the work of heart requires a great amount of energy. At the same time, mitochondria are the major place for free radical generation. The production of ROS and the related damage are the main cause of injury in the process of ischemia-reperfusion [12, 13] . In this study, the effects of STS on the mitochondrial respiratory chain were investigated by using NADH as a substrate. Our data reveal that STS stimulates NADH oxidation in mitochondria accepting electrons at complex I by acting as a redox cycler, suggesting that a therapeutical potential of STS may be utilized to protect ischemiareperfusion injury.
Materials and methods

Reagents
Sodium tanshinone IIA sulfonate was isolated and puri®ed in The National Institutes of Pharmaceutical Research and Development. 5,5-Dimethyl-1-pyrroline-N-oxide (DMPO), rotenone, antimycin A, NADH (b-nicotinamide adenine dinucleotide, reduced form), luminol (5-amino-2,3-dihydro-1,4-phthalazinedione), superoxide dismutase (SOD, from bovine blood) and catalase (from horse liver) were obtained from Sigma. DMPO was puri®ed by active charcoal. All other reagents made in China were of AR level.
Mitochondrial preparation
Normal mitochondria from male Wistar rats (200± 250 g) were isolated as described previously [14] with slight modi®cations. Isolated hearts were homogenized in medium containing 0.3 M sucrose, 1 mM EDTA and 10 mM Tris±HCl (pH 7.4). The homogenates were centrifuged at 600 g for 10 min. The supernatants were collected and centrifuged at 10,000 g for 10 min. The pellets containing fresh mitochondria were washed twice and resuspended in the isolating solution and stored at À208. The mitochondria were thawed at 08 before using. The preparations of mitochondria used as mitochondria according to the references [15±17] are permeable to NADH and some small molecule substrates. The morphologies of the mitochondrial preparations of both fresh and the``freezethaw'' mitochondria were checked by an electron microscope and no difference was found. This process destroyed the respiratory control. The protein concentration was determined by Biuret method using BSA as standard [18] .
Effect of STS on NADH oxidation
Effects of STS on NADH oxidation were determined by measuring the decrease of absorbance at 340 nm (e 6:2/ mM cm) using a Beckman DU-640 UV-Vis spectrophotometer at 378. The system contained 0.3 mol/L sucrose, 1 mM EDTA and 10 mM Tris±HCl, 0.1 mg protein/mL mitochondria and various concentrations of STS, pH 7.4. The reaction was performed by adding 0.2 mM NADH to the mixture. The inhibition experiments were performed in the presence of 2 mM rotenone, 2 mM antimycin A or 1 mM KCN.
Effect of STS on reduction of ferricyanide by mitochondrial complex I
The reaction mixture contained 0.3 mol/L sucrose, 1 mM EDTA, 10 mM Tris±HCl, 0.2 mM NADH, 2 mM rotenone, 1 mM K 3 [Fe(CN) 6 ], 0.1 mg protein/mL mitochondria and various concentrations of STS, pH 7.4. Ferricyanide reduction was determined by measuring the change of absorbance at 420 nm after the addition of NADH.
Effect of STS on chemiluminescence released by mitochondria
Luminol-dependent chemiluminescence was determined using a BPCL superweak chemiluminescemeter. The reaction mixture included: 0.3 mg/mL mitochondria, 0.2 mM STS, 0.05 or 0.2 mM NADH, 0.2 mM luminol and/or 500 U/mL SOD, and/or 500 U/mL catalase, and/or 50 mM ethanol.
Analysis of hydroxyl radical by ESR
The analytical solution contained 1 mg protein/mL mitochondria, 1 mM NADH, 0.2 mM STS, 10 mM rotenone or 10 mM antimycin A or 1 mM KCN, 80 mM DMPO, 50 mM ethanol, 50 mM potassium phosphate buffer, pH 7.4. The sample was mixed and transferred into a quartz capillary placed in the cavity of Varian E109C ESR spectrometer. The machine setting was: X band, microwave power 10 mW, sweep width 200 G, modulation frequency 100 kHz, modulation amplitude 2 G, time constant 0.125 s, scanning rate 50 G/min.
Measurement of STS radical by ESR
STS was reduced by 1 mM NaBH 4 and the pH of the reaction mixture was adjusted by adding 0.1 mM NaOH. The mixture was transferred into a capillary for measuring ESR spectrum. The ESR conditions were: microwave power 0.2 mW, 100 kHz modulation with amplitude 
Measurement of reaction of STS with hydroxyl radical by pulse radiolysis
The pulse radiolysis experiment was conducted using a line accelerator providing a 5 MeV electron pulse with a duration of 2 ms at room temperature. The average dose/ pulse was 5 Gy and the reaction was monitored by a 500 W xenon lamp. Hydroxyl radicals were generated from the pulsed N 2 O saturated 10 mM KSCN aqueous solution.
Statistics
The data were expressed as mean AE SEM and analyzed by ANOVA. Comparison between the treatment groups was made by analyzing data with Newman±Keuls test. P-values less than 0.05 were considered statistically signi®cant.
Results
Effects of STS on the oxidation of NADH by mitochondrial transport chain
The oxidation of NADH was monitored by the decrease of optical density (O.D.) value at 340 nm. The O.D. value decreased rapidly when fresh isolated heart mitochondria were added to the reaction mixture, indicating that NADH was oxidized by heart mitochondria via the respiratory chain (details not shown). Fig. 2 shows the effects of STS on NADH oxidation in mitochondria treated with various respiratory chain inhibitors. When mitochondria were treated with rotenone, antimycin A or KCN, the rate of the NADH oxidation was decreased nearly to zero. Addition of STS partially restored the oxidation of NADH to approximately the same levels as that in the absence of all three above inhibitors. STS did not directly react with NADH in a control experiment (details not shown).
The relation between the amount of the oxidized NADH caused by STS and the amount of added STS was investigated in rotenone-inhibited mitochondria. NADH was added again after previous NADH was oxidized. This process was repeated several times; all added NADH had been oxidized at a stable rate whereas the amount of oxidized NADH was 10 times more than that of original NADH after STS treatment.
The storage of fresh mitochondria at À208 did not cause a dysfunction of the mitochondrial respiratory chain as similar results were obtained using fresh isolated mitochondria.
STS stimulated mitochondrial NADH oxidation was dose-dependent and the oxidation rate reached to a maximum at about 0.3 mM, as shown in Fig. 3 . This effect was also observed in the presence of respiratory inhibitors. When the respiratory chain was blocked by rotenone, the rate of NADH oxidation decreased nearly to zero. Addition of STS to the system restored NADH oxidation in a dosedependent manner, and a maximum rate was observed at concentration of 0.3 mM. Similar result was obtained in the presence of antimycin A or KCN. Rotenone blocks electron¯ow from complex I to ubiquinone, antimycin A blocks complex III, and KCN blocks electron¯ow from Cyt c to Cyt a 3 . STS could partly reverse the effects of these three inhibitors, indicating that a new bifurcated electron pathway might be formed by STS at the site of complex I, probably through¯avoprotein which is located before the sensitive site of rotenone. 6 ] reduction in mitochondria 6 ] is an arti®cial electron acceptor which can accept electrons at mitochondrial complex I, causing a decrease absorbance at 420 nm [19] . Here we have shown that STS inhibited this reduction dose-dependently (Fig. 4) . STS did not react with K 3 [Fe(CN) 6 ] directly, as demonstrated in a control experiment. Thus, STS may accept electrons from complex I similar to ferricyanide and its electron accepting ability is stronger than that of K 3 [Fe(CN) 6 ].
Inhibitory effect of STS on K 3 [Fe(CN)
K 3 [Fe(CN)
STS induced mitochondria to release chemiluminescence
When NADH was used as a substrate, an increase of chemiluminescence from mitochondria was observed in the presence of STS. Addition of NADH again caused a second enhancement of chemiluminescence (Fig. 5) .
When rotenone or antimycin A was used as respiratory inhibitor, chemiluminescence was increased but the time was delayed. When KCN was used, a similar result was obtained except that the chemiluminescence intensity was increased about 12 times of that in the presence of rotenone or antimycin A. These results clearly showed that ROS were formed during STS-mediated electron transfers, especially in the presence of KCN. The reaction of the reduced intermediate with Cyt c was also studied by excess ferricytochrome c in the incubation and monitoring its reduction in the presence of KCN. It was found that ferricytochrome c could be reduced and if SOD was added to the system, the reduction was decreased.
To determine which free radicals were involved in this process, several scavengers were added to the system. Fig. 6 is a typical chemiluminescence curve of STS-mediated pathway in the presence of rotenone. SOD eliminated the chemiluminescence completely; catalase or ethanol only partially eliminated the chemiluminescence. These data suggest that O 2 À , H 2 O 2 and OH contributed to the chemiluminescence, but only O 2 À was the primary free radical formed in this process.
Effect of STS on hydroxyl radical generated from inhibitory respiratory chain
When rotenone or antimycin A was used as inhibitor in the presence of STS, no free radical was trapped by DMPO. When KCN was used, hydroxyl free radical signal was observed as indicated by four peaks with intensities 1:2:2:1(a N a H 14:9 G) (Fig. 7B) . Excess ethanol quenched almost all the DMPO-OH spectrum in parallel with the appearance of the hydroxyethyl adducts as (Fig. 7A) [20] . The adduct of DMPO with O 2 À was not obtained, probably because it decomposed to DMPO-OH. However, the adduct of DMPO-OH was generated, at least in part, via O 2 À , because addition of SOD could quench all the signals. These data suggested that free radicals were involved in STS-mediated pathway, especially when KCN was used as an inhibitor.
STS free radical
The STS free radical was examined by ESR spin trapping technique in above system but no ESR signal was found. If STS was ®rst reduced by NaBH 4 (1 mmol/L) and then reoxidized by oxygen in alkaline condition, an absorption peak at 300 nm and an ESR signal of free radical were found. Analysis of the ESR spectrum of the reoxidized sample revealed that it was the semiquinone free radical of STS (Fig. 8) . Using pulse radiolysis technique, it was found that there was a transient absorption peak at 300 nm in the system of reaction of STS with hydroxyl radical, and the reaction constant between hydroxyl radical and STS was calculated to be approximately 1:8 Â 10 9 dm 3 /mol s.
Discussion
This is the ®rst report that STS can act as an electron carrier and mediate an electron transfer. A possible mechanism for STS action is shown in Fig. 9 . STS accepts electrons from mitochondrial complex I, probably through avoprotein, which is located before the sensitive site of rotenone, and facilitates an electron transfer. NADH is oxidized by STS-mediated pathway in the presence of rotenone, antimycin or KCN. In this pathway, electrons may be transferred directly to oxygen in the presence of KCN, because its sensitive site is complex IV. However, it is not clear if the electron reenters respiratory chain again, at complex III Cyt c or complex IV in the presence of antimycin A or rotenone, and in the absence of KCN. To address these questions, ROS formation during this process was examined by using chemiluminescence. The chemiluminescence is a sensitive method often used to study the formation of ROS in biological systems. It was found that when mitochondria were blocked by rotenone or antimycin A, the chemiluminscence intensity was increased along with NADH oxidation. A similar result was obtained when KCN was used as inhibitor except that the intensity of chemiluminescence was about 12 times higher than that induced by rotenone or antimycin A. It was also examined if the reduced intermediate could react with Cyt c by testing the reduction of excess ferricytochrome c in the incubation system in the presence of KCN. If SOD was added to the system, the reduction was decreased because O 2 À was scavenged. This difference could be explained by the alternative electron transfer in the STS-mediated pathway. The inhibiting site for KCN is downstream of Cyt c; therefore STS provides electrons to oxygen by a direct pathway. O 2 À , H 2 O 2 , and hydroxyl radical might be formed during this process, which is the cause for the very strong chemiluminescence. However, when rotenone or antimycin A was used as inhibitor in the absence of KCN, electrons passing through an STS-mediated pathway might enter the respiratory chain again insofar as the sensitive sites of these two inhibitors are upstream of Cyt c; this process, less ROS were generated and, therefore, a low chemiluminescence was observed.
NADH dehydrogenase residing in mitochondrial complex I can divert electrons from NADH to an exogenous quinone and form a semiquinone free radical [8±13]. This semiquinone can be oxidized by oxygen. In this study, we demonstrated that free radicals were involved in this process. SOD inhibited the chemiluminescene completely, while catalase and ethanol only partly inhibited the chemiluminescence. These data indicate that 
OH
all contribute to the chemiluminescence, but O 2 À is the primary free radical in this process.
Based on the above, STS may mediate two different electron pathways in the presence of rotenone or antimycin A. Since the electron transfer rates of these two pathways were almost equal, the control step of STS-mediated pathway may accept electrons from complex I and form an intermediate. K 3 [Fe(CN) 6 ] is an arti®cial electron acceptor that can be reduced by NADH through mitochondrial complex I. We found that STS could inhibit this reduction in a dose-dependent manner. This observation further suggests that NADH dehydrogenase of complex I may be the site in which STS accepts electron while NADH is the electron donor.
In order to examine if the STS free radical was formed in above system, ESR spin trapping technique was used but no ESR signal was found, because the semiquinone free radical was not stable in physiological pH. If STS was ®rst reduced by NaBH 4 (1 mmol/L) and then reoxidized by oxygen in alkaline condition, an absorption peak at 300 nm and a signal of free radical was found. Analysis of the ESR spectrum revealed that it was a semiquinone free radical of STS. Using pulse radiolysis technique, it was found that there was a transient peak at 300 nm, and the reaction constant between hydroxyl radical and STS was about 1:8 Â 10 9 dm 3 /mol s. All these results suggest that STS can react with oxygen radicals and form a radical intermediate.
Our data suggest that oxygen free radicals were formed during STS mediated electron transport. Free radicals can initiate lipid peroxidation that may cause damage to tissue. Compared with the quinone form, the hydroquinone has a much higher antioxidative ability in scavenging ROS [21, 22] . Since ROS were mainly formed during the reperfusion stage [23, 24] , STS may be reduced to its hydroquinone form and scavenge ROS in ischemia-reperfusion tissue. Using ESR and pulse radiolysis techniques, we recognized a semiquinone free radical from a redox reaction of STS with ROS. In addition, by using the new electron pathway mediated by STS, tissue may maintain respiration under a low oxygen concentration.
